Effect of twisting on the behavior of a double-stranded polymer chain: A Monte Carlo simulation J. Chem. Phys. 111, 9424 (1999) The validity of the Monte Carlo simulation for studying the dynamics of a Rouse chain with a finite number of beads, N, is established by showing the close agreement between the simulation results and the analytical solutions for the time-correlation function of the end-to-end vector. Then, the Monte Carlo simulation is used to calculate the dynamic functions associated with the bond vector b(t) or direction u(t)ϭb(t)/͉b(t)͉ of an elastic dumbbell and a Rouse segment in a chain. The effect of chain connectivity on the motions of a single Rouse segment is studied. In particular, it is
INTRODUCTION
Slow polymer dynamic and viscoelastic behavior in an entanglement-free system can be well described by theories developed in terms of the Rouse segment as the basic structural unit. [1] [2] [3] If our interest is not limited to the slow modes of motions of a long polymer chain, we have to ask how short the Rouse segment can be as it is defined statistically. Related to this is the early studies of the Kuhn segment ͑con-sidered as equivalent to the Rouse segment͒ based on the determination of the persistence length by neutron scattering. 4, 5 In the recent years, there was much research interest in the subject; and different approaches had been taken: ͑1͒ The Rouse segment size was calculated from the high frequency rubbery modulus determined by analyzing the measured dynamic viscoelastic and birefringence spectra with the assumption of a modified stress-optical rule for glassy polymer. 6, 7 ͑2͒ Through a theoretical analysis relating the depolarized photon-correlation and viscoelastic results of a polystyrene melt, the dynamics and size of a ''Rouse'' segment can be studied. [8] [9] [10] ͑3͒ The line shapes of the viscoelastic spectra of a series of the polystyrene blends in the entanglement-free region have been analyzed in terms of the Rouse model for the high-molecular-weight component and the elastic dumbbell model for the low-molecular-weight component. The best value for the Rouse segment size occurs, when the viscoelastic spectrum is best described by the theory in both the low and high frequency regions corresponding to the viscoelastic responses of the high-and smallmolecular weight components, respectively. 11 The values for the molecular weight of a Rouse segment of polystyrene obtained by these studies range from 780 to 900. In the second approach listed above, it has been shown that the collective motion observed by the depolarized Rayleigh is basically that associated with a Rouse segment. If each Rouse segment is treated as an elastic dumbbell and undergoes the freely rotational diffusion motion, the correlation time r for ͗P 2 ͓u(0)•u(t)͔͘ ͓where u(t) is the unit vector indicating the orientation of the Rouse segment; and P 2 is the second-order Legendre polynomial͔, which is the dynamic function probed by the depolarized photoncorrelation spectroscopy, can be obtained to be r ϭЈ͗b
where Ј is the friction constant experienced by each bead on the elastic dumbbell, which is half the friction constant for each bead on the Rouse chain (/Јϭ2, because the mass of an elastic dumbbell is treated as equivalent to that of a Rouse segment; and the mass of the bead of the former is half that of the latter͒. On the other hand, the relaxation time of the highest Rouse viscoelastic mode is given by v ϭ͗b
with the friction factor K given by
where m is the molecular weight of a Rouse segment. 12, 13 With the m value known, v can be calculated from the viscoelastic data, such as the zero shear viscosity, which is given by 0 ϭ͑cRT
where c is the weight amount of polymer per unit volume; and M the molecular weight of the polymer sample.
Equations ͑1͒ and ͑2͒ indicates that the two characteristic time constants as can be obtained by the depolarized photoncorrelation and viscoelasticity measurements have the same temperature dependence ͑that of , which is often described by the WLF equation 14 ͒ and the same order of magnitude. These expectations have been supported by the results of the depolarized photon-correlation and viscoelasticity measurements.
In obtaining Eq. ͑1͒, the connections of each Rouse segment in both ends to the rest of the chain are neglected. The connection of the Rouse segments in a chain gives rise to the Rouse normal modes of motions. Based on the Rouse model, the viscoelastic spectrum and the time correlation function of the end-to-end vector can be theoretically expressed in terms of the normal modes. [1] [2] [3] The dynamic functions, ͗u s (0)
•u s (t)͘ and ͗P 2 ͓u s (0)•u s (t)͔͘ associated with a single Rouse segment, which do not have an analytical solution, can be calculated by the Monte Carlo simulation based on the Langevin equation.
With the effect of the connection between neighboring Rouse segments included, any dynamic function associated with a single Rouse segment is expected to be nonsingleexponential. It is well known that the depolarized photoncorrelation function of a polymer melt or concentrated solution is not a single exponential. 15, 16 This study allows us to study the chain connectivity in affecting the non-singleexponential decaying behavior.
First, we shall establish the validity of the Monte Carlo simulation by the comparison with the analytical solution for the time-correlation function of the end-to-end vector ͗R(0)•R(t)͘ of a Rouse chain with a finite number of beads, N. Then we can use the Monte Carlo simulation to calculate the time correlation functions,
and
where b s (t) is the bond vector of the sth Rouse segment at time t and u s (t)ϭb s (t)/͉b s (t)͉. Before the effect of chain connectivity as reflected by the above dynamic functions is studied, we shall examine by the Monte Carlo simulation how well in the elastic dumbbell case C 0 (t)ϭ͗b(0)
͓where u(t)ϭb(t)/͉b(t)͉] and how applicable is the freely rotational diffusion model in relating C 0 (t) ͓or C 1 (t)] and C 2 (t)ϭ͗ P 2 ͓u(0)•u(t)͔͘. And finally the average ⌺ sϭ1,NϪ1 C 2s (t)/(NϪ1) in a Rouse chain will be studied as a function of N and compared with the results of the depolarized photon-correlation measurements.
THE LANGEVIN EQUATION
Consider a linear Gaussian chain with N beads, whose configuration is represented by the set of N position vectors of the beads ͕R n ͖ϵ(R 1 ,R 2 ,R 3 ,...,R N ). While the movement of each bead is hindered by a friction force characterized by the friction constant , it receives the random force f n (t)ϭ(g n (t)) due to the incessant collisions of the bead ͑the Brownian particle͒ with the fluid molecules or segments. Then the motions of the chain are described by the Langevin equations 2, 9 dR n /dtϭϪ͑3kT/͗b
for the internal beads (nϭ2,3,4,...,NϪ1) and
for the end beads (nϭ1 and N͒. The random fluctuation g n is Gaussian and characterized by the moments
where D(ϭkT/) is the diffusion constant of a free bead; and ␣, ␤ represent the x, y, z coordinates.
The bond vectors ͕b s ͖ and the end-to-end vector R are defined, respectively, as
Following the usual procedure of transformation to the normal coordinates, 1, 17 the time correlation function of the end-to-end vector R(t) is obtained as
with ⌺ pϭodd,1 to NϪ1 meaning summation over odd p's from 1 to NϪ1, and
where K is given by Eq. ͑3͒. When N→ϱ, Eq. ͑15͒ in combination with Eq. ͑16͒ reduces to the result obtained from the continuous Rouse chain model. 2 The time correlation function of b s (t) ͓Eq. ͑5͔͒ is obtained in terms of the normal modes as
THE MONTE CARLO SIMULATION
In the Monte Carlo simulation, the Langevin equation is replaced by the calculation of the positions of the beads at the next step ͕R n (t i ϩ⌬t)͖ from their positions ͕R n (t i )͖ at some present time t i ͑note t iϩ1 ϭt i ϩ⌬t). 18, 19 Corresponding to Eq. ͑8͒, 
͑21͒
where ␣, ␤ represent the x,y,z coordinates ͑for instance d x represent the x-component of d͒. Equations equivalent to Eq. ͑18͒ can similarly be written for Eqs. ͑9͒ and ͑10͒. Dependent on the choice of 2D⌬tϭl 2 in the Monte Carlo simulation, the number of time steps corresponding to p ͓Eq. ͑16͔͒ is given by
COMPARISON OF THE SIMULATION RESULTS AND THE ANALYTICAL SOLUTIONS
We have chosen the simple chain systems, Nϭ2, 3, and 5 for making the comparison between simulation and theory. According to Eq. ͑15͒, only a single relaxation mode occurs in the time correlation function of the end-to-end vector in either the Nϭ2 or the Nϭ3 system; and two relaxation modes in the case of Nϭ5. Shown in Fig 
THE MOTION OF AN ELASTIC DUMBBELL
The elastic dumbbell model is a special case of the Rouse chain model. The dynamic behavior C 0 (t)ϭ͗b(0)
•b(t)͘/͗b 2 ͘ ͓Eq. ͑5͔͒ for the elastic dumbbell can be obtained from the Langevin equations to be a single exponential decay as shown in Fig. 1 . C 0 (t) being a single exponential decay suggests that the elastic dumbbell motion may be sufficiently well described by the free rotational diffusion model. Based on the freely rotational diffusion model, 20 the dynamic function C 2 (t)ϭ͗P 2 ͓u(0)•u(t)͔͘ ͓Eq. ͑7͔͒ is expected to be a single exponential decay with the relaxation time being one third of that of C 0 (t) ͓see Eq. ͑1͔͒. How well the free rotational diffusion model describe C 2 (t) of an elastic dumbbell can be studied by the Monte Carlo simulation. However, in the simulation calculation of C 2 (t), we need to assume u(t)ϭb(t)/͉b(t)͉. From comparing Eqs. ͑5͒ and ͑7͒, this means that we have assumed that b(t)/͗b 2 ͘ 0.5 can be approximated by u(t)ϭb(t)/͉b(t)͉. We can test this approximation by showing that C 0 (t) can be well approximated by
The relation between C 1 (t) and C 0 (t) can be analyzed . This indicates that the fluctuation ⌬b(t) is rather small. This is the main basis for our approximating C 0 (t) by C 1 (t) and treating the Rouse segment basically as equivalent to a Kuhn segment ͑for instance, when we relate the viscoelastic data to the depolarized photon correlation results͒. Using Eq. ͑23͒, C 1 (t) can be approximately expressed as
Equation ͑24͒ mainly shows the dynamic relation between C 1 (t) and C 0 (t). Both C 1 (t) and C 0 (t) as they are defined are normalized functions. Because of the approximation steps taken, C 1 (t) as expressed by Eq. ͑24͒ is not normalized; and need be renormalized. As shown in Fig. 2 , after a small initial drop due to the decay of ͗⌬b(0)⌬b(t)͘/b 0 2 , the relaxation curves of C 1 (t) and C 0 (t) parallel each other and maintain a ratio C 1 (t)/C 0 (t)ϭ0.85. It is also shown in Fig. 2 that the agreement between C 1 (t) obtained directly from the simulation and C 1 (t) calculated from Eq. ͑24͒ using the simulation results of C 0 (t) and ͗⌬b(0)⌬b(t)͘ and renormalized is very good. Also shown in Fig. 2 is the comparison of the theoretical curve of C 2 (t) based on using the free rotational diffusion model in relating C 0 (t) and C 2 (t), and the simulation curve of C 2 (t). One can notice that in the short time region ͑down to C 2 (t)ϭ0.3Ϸe Ϫ1 ), the simulation result of C 2 (t) can be well described by the free rotational diffusion model, while, the whole simulated C 2 (t) curve is not a single exponential decay. Overall, the elastic dumbbell dynamic behavior is not far from described by the free rotational diffusion model as revealed in terms of the comparison of C 0 (t) ͓or C 1 (t)] and C 2 (t). The simulation result of C 2 (t) in particular will serve as a reference for comparison with the dynamic behavior of a Rouse segment in a chain to study the effect of chain connectivity.
THE MOTION OF A ROUSE SEGMENT IN A CHAIN
As expected intuitively, the simulated C 0s (t), C 1s (t), and C 2s (t) dynamic processes become slower gradually, as the monitored segment ͑denoted by the index s͒ is shifted from the chain end to the middle of the chain as shown in Figs. 3, 4 , and 5 ͑to avoid congestion in the figures, only results at a few selected s values are shown͒. The shown results for a chain with Nϭ36 indicate that the dynamic functions over the whole range become basically independent of s for sϭ7 -18. In other words, the dynamic functions of a segment, which is only a few segments away from the chain end is free of the chain end effect and become independent of s. In particular, C 2s (t) over a wide of dynamic range ͑Ϸone and a half orders͒ is very much independent of s for sу2. It is shown in Fig. 3 that the simulation results of C 0s (t) at different s values are in close agreement with the curves calculated from Eq. ͑17͒. As expected, the dynamic functions obtained from the simulation are symmetric with respect to the center of the chain i.e., the dynamic function at the sth segment is the same as that at the (N-s)th segment.
Experimentally ͑for example, in the depolarized photoncorrelation spectroscopy͒, it is often the average of the dynamic functions, that are probed. Thus, we define
͑27͒
Shown in Fig. 6 is the comparison of ͗C 0 (t)͘, ͗C 1 (t)͘, and ͗C 2 (t)͘ for a chain with Nϭ36. While ͗C 0 (t)͘ is no longer a single exponential decay as C 0 (t), the relative differences among ͗C 0 (t)͘, ͗C 1 (t)͘, and ͗C 2 (t)͘ are similar to those among C 0 (t), C 1 (t), and C 2 (t) as shown in Fig. 2 for the elastic dumbbell case. What is particularly interesting to us is the ͗C 2 (t)͘ dynamic process for comparison with the depolarized photoncorrelation results. The dynamic function directly observed from the photon-correlation spectroscopy is the square of ͗C 2 (t)͘. In Fig. 7 , we show the comparison of the ͗C 2 (t)͘ 2 curves calculated for Nϭ2, 8, 16, and 36. It can be seen that the relaxation time distributions for Nϭ8, 16, and 36 is significantly broader than that of the elastic dumbbell case (N ϭ2) and that in the short time region ͑down to ͗C 2 (t)͘ 2 ϭ0.01), basically there is no difference among the curves for different values of Nу8. Mainly the tail region of the relaxation curve is slowly moved to the longer time with increasing N. In other words, the short time region of ͗C 2 (t)͘ 2 is mainly affected by the local motion, which is independent of the molecular weight, the tail region of the relaxation curve is weakly affected by the slow modes of the Rouse chain, which is molecular weight dependent. As C 2s (t) is least dependent on s over a large dynamic range as pointed out above, ͗C 2 (t)͘ is much less affected by the molecular weight change than ͗C 0 (t)͘ and ͗C 1 (t)͘.
In the depolarized photon-correlation spectroscopy, it is mainly the short time region of ͗C 2 (t)͘ 2 that is probed.
9,10
The above result is in agreement with the basic molecular weight independence of the depolarized photon-correlation function, that has been observed.
COMPARISON OF SIMULATION AND EXPERIMENT FOR ŠC 2 "t…‹
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In a polymer system, the static pair correlation as determined from the depolarized intensity measurement is often expressed in terms of effective optical anisotropy ␦ 2 per monomer unit to account for the concentration dependence of the measured total intensity. In the case of polystyrene, 21, 22 it has been shown that the ␦ 2 value in the melt is virtually the same as in the dilute solution. This result indicates that in a polystyrene concentrated solution or melt system, the segments belonging to different chains do not interact in such a way as to contribute to the static pair correlation. In addition, the dynamic pair correlation is in general much smaller than the static pair correlation. 23, 24 Thus, the dynamic depolarized scattering structure factor of a polystyrene concentrated solution or melt system can be simplified greatly by neglecting the cross terms between segments belonging to different chains. The polymer chain can be modeled as a chain of freely jointed Kuhn segments; and the pair correlation terms are limited to the chemical segments belonging to the same Kuhn segment. Using the fact that the chain size is much smaller than the scattering wavelength; and the assumption that the translational motion of the center of mass of the polymer chain ͑over a distance comparable to the wavelength͒ is independent of and much slower than the segmental reorientation, the dynamic depolarized scattering structure factor can be reduced to be proportional to [8] [9] [10] C p ͑ t ͒ϭ͓S f s ͑ t ͒ϩR͔͗ P 2 ͓u͑ 0 ͒•u͑ t ͔͒͘, ͑28͒ where u(t) is the unit vector representing the the direction of the symmetry axis of the Kuhn segment ͑regarded as equivalent to the Rouse segment͒, f s (t) is the normalized timecorrelation function that reflects the motions associated with local chemical bonds ͑grossly referred to as the sub-Rousesegmental motions͒, and the relaxation strength S depends on the details of the bond angles and steric interactions among the chemical bonds. R is a constant and is related to how anisotropy the Rouse segment ͑or Kuhn segment͒ is.
For the polystyrene melt, the f s (t) and ͗P 2 ͓u(0)
•u(t)͔͘ dynamic processes can not be resolved from the observed depolarized photon-correlation function. 8, 9, 15 The close overlap of the two processes in the time scale is attributed to the strong direct interactions among segments. The chain dynamics in the concentrated solutions of two nearly monodisperse polystyrene samples ͑F1 with M w ϭ9100 and F2 with M w ϭ18100) in cyclohexane ͓the two solutions are denoted as S-F1 ͑59.832 wt. %͒ and S-F2 ͑60.287 wt. %͔͒ have been studied by means of the viscosity and depolarized photon-correlation measurements 10 ͑see the Appendix͒. Both the studied systems are in the entanglement-free region; the obtained molecular weight dependence of the zero shear viscosity ͑adjusted to the same concentration, see the details in Ref. 10͒ indicates that the chain dynamics are described by the Rouse theory. The applicability of the Rouse theory to the studied systems is in agreement with the expectation that at the high concentrations ͑ϳ60 wt. %͒ the hydrodynamic interaction is much screened. 2, 25, 26 In these systems, the two processes as contained in Eq. ͑28͒ are far apart and can be well resolved. This should be due to the ''lubrication'' effect of the solvent that prevents the strong interactions among segments. The observed slow mode, namely, the ͗P 2 ͓u(0)
•u(t)͔͘ dynamic process, is independent of the scattering angle and ͑basically͒ molecular weight; and has a relaxation time, which has the same order of magnitude as v calculated from the viscosity data ͓Eq. ͑2͒; assuming the molecular weight for a Rouse segment, m, being 1000, which is close to the values 780-900 obtained from other studies͔.
Since the f s (t) and ͗P 2 ͓u(0)•u(t)͔͘ processes in the S-F1 and S-F2 systems can be well resolved, the contribution of f s (t) can be removed to obtain the depolarized photon correlation function due to the ͗P 2 ͓u(0)•u(t)͔͘ mode for comparison with the simulation results of ͗C 2 (t)͘.
The average relaxation time of ͗C 2 (t)͘ from the simulation can be defined as
͑29͒
Corresponding to the simulation, v can be obtained from Eq. ͑2͒ as
Using Eqs. ͑29͒ and ͑30͒, from the simulation we obtain ͗ r ͘/ v ϭ2.2, 2.5, and 2.7 for Nϭ8, Nϭ16, and Nϭ36, respectively, which depends on N very weakly. In Ref. 10 , we have obtained the average relaxation time ͗ r ͘ ͑denoted as ͗͘ 2 ) for the ͗P 2 ͓u(0)•u(t)͔͘ dynamic process from the depolarized photon-correlation function using the MSVD analysis; 27 and mϭ1000 was used to calculate v from Eq. ͑2͒ ( v ϭ 8 for S-F1 and v ϭ 17 for S-F2͒.
As listed in Table I •u(t)͔͘ 2 , which have been obtained from the depolarized photon-correlation functions of S-F1 and S-F2 ͑at the 45°s cattering angle͒ by removing the f s (t) contribution. Because the vertical magnitude of a depolarized photon correlation function depends on the coherence factor of the instrument, the comparison between simulation and experiment is made by allowing shifting in both the vertical and horizontal ͑time͒ coordinates to obtain a good matching of the data points and the simulation results. As shown in Table I of Ref. 10, ͗ r ͘ for S-F1 is about 30% smaller than that for S-F2.
This was shown to be due to the small concentration difference and friction constant difference between S-F1 and S-F2 ͑see Ref. 10 for the details͒. In matching of the data points and the simulation results as shown in Fig. 8 , the ϳ30% difference between the shifting factors along the time coordinate for the results of S-F1 and S-F2 have been observed. Thus, the close agreement between experiment and simulation as shown in Fig. 8 is consistently obtained for the S-F1 and S-F2 systems.
DISCUSSION AND SUMMARY
A Rouse chain with a finite number of beads, N, is shown to be a good system for investigating some of the internal dynamic motions of the chain, in particular, the motions associated with the size scale of a Rouse segment by using the Monte Carlo simulation. First, the validity of the Monte Carlo simulation is established by showing the close agreement of the simulation results with the analytical solutions for the time correlation functions of the end-to-end vector. The Monte Carlo simulation can then be used to study the dynamic functions, which do not have an analytical solution. From the simulation, it is shown that C 0 (t) can be well approximated by C 1 (t) ͓or C 0s (t) by C 1s (t) or ͗C 0 (t)͘ by ͗C 1 (t)͘]. This is related to the average Rouse segment length b 0 (ϭ͉͗b͉͘) being just slightly smaller than ͗b 2 ͘ 0.5
.
It is also shown that ͗P 2 ͓u(0)•u(t)͔͘ for an elastic dumbbell is not a single exponential, neither is far from described by the freely rotational diffusion model. The relaxation time distribution of the average ͗P 2 ͓u(0)•u(t)͔͘ ͑i.e., ͗C 2 (t)͘) for a Rouse segment in a chain is further broadened by the hindrance effect due to connection to neighboring segments. When the number of the beads in a Rouse chain is sufficiently large (Nу8), the results of ͗C 2 (t)͘ 2 for a Rouse segment is basically independent of the molecular weight ͑N͒ over a wide dynamic range, which is the main region probed by the depolarized photon-correlation spectroscopy. This is in agreement with the observed molecular weight independence of the ͗P 2 ͓u(0)•u(t)͔͘ dynamic process obtained from the depolarized photon-correlation measurement. 10 The Rouse segment as a structural unit has been mainly useful for describing low frequency motions involving a large section of the polymer chain. 2 Relative to the chemical structure of the polymer chain, the Rouse segment is a rather crude picture. At the size scale between that characteristic of the local chemical structure and the large size scale corresponding to the low frequency modes ͑i.e., at the Rouse segment size scale͒, how useful the Rouse segment is for describing the motions has not been much investigated. In the previous analysis of relating the depolarized photoncorrelation and viscoelasticity results, [8] [9] [10] the use of the Rouse segment allows us to show that the relaxation times ͗ r ͘ and v have the same order of magnitude and the same temperature dependence as supported by the experimental results. The agreement between experiment and simulation shown in Fig. 8 suggests that in a concentrated solution, where the strong interactions among segments as occurring in a melt system is absent, the line shape or the relaxation time distribution of the relaxation process ͗P 2 ͓u(0)
•u(t)͔͘ 2 probed by the depolarized photon-correlation spectroscopy can actually be quite fully accounted for by including the effect of chain connectivity, regardless of the crudeness of the Rouse segment.
In the analysis leading to Eq. ͑28͒, the polymer molecule is modeled as a chain of freely jointed Kuhn segments. And it was shown that each Kuhn segment can be regarded as a correlated domain along the polymer ͑polystyrene͒ chain, whose collective motion is probed by the depolarized photon-correlation spectroscopy. As shown in the simulation that the difference between ͉͗b͉͘ and ͗b 2 ͘ 0.5 is very small, the Rouse segment and Kuhn segment can be regarded as equivalent. The results shown in Fig. 8 strongly support that the motion of a Rouse segment can actually be observed directly by the depolarized photon-correlation spectroscopy in the case of polystyrene. Furthermore, the estimated molecular weight for a Rouse segment mϭ1100 in the concentrated solutions obtained from analyzing the ͗ x ͘/ v ratio values is also of the same order of magnitude as the values mϭ780-900 obtained by other methods for the polystyrene melt. In a dilute polystyrene solution, m has been estimated to be as large as 5000 from the analysis of the oscillatory flow birefringence properties as a function of frequency. 26 It appears that the presence of solvent has some modification effect on the Rouse segment size. In our studied systems, the molecular weight dependence of viscosity indicates that the hydrodynamic interaction is basically entirely screened at least as far as the slow modes of motions are concerned. Whether the hydrodynamic interaction between beads one or two segments apart is also entirely screened can not be clearly judged based on the viscosity results alone. Some presence of hydrodynamic interaction at the local level is likely to have the effect to slow down slightly the highest mode of motion ͑i.e., the motion associated with a single Rouse segment͒. 3, 28 This may contribute somewhat to our m value being slightly larger than those obtained for the polystyrene melt.
The motion ͗P 2 ͓u(0)•u(t)͔͘ associated with a single Rouse segment in the melt observed by the depolarized photon-correlation spectroscopy cannot be well resolved due to its close overlapping with the sub-Rouse-segmental motions f s (t) in the time scale. The overlap of the f s (t) and ͗P 2 ͓u(0)•u(t)͔͘ dynamic processes should be due to the strong energetic interactions among the chemical segments contacting each other closely in the melt state. In a concentrated solution, such energetic interactions are prevented from occurring by the mobile solvent molecules surrounding the segments. This allows us to compare the observed chain dynamics in the concentrated solutions with the Monte Carlo simulation results.
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APPENDIX
When we compared the experimental results with the simulation as reported in this paper, it was found that a mistake had been made in the procedure of removing the q 2 -dependent ''leakage'' mode from the measured depolarized photon-correlation function f (t)ϭg 2 (t)Ϫ1 ͓(t) 2 in Ref. 10 is replaced by f (t) here͔. A correction is due here. To simplify the explanation, an abbreviated form is assumed. Let f (t)ϭ(c 1 (t)ϩc 2 (t)) 2 , where c 1 (t) represents the field correlation function of the true dynamic depolarized scattering ͓containing both the f s (t) and ͗P 2 ͓u(0)•u(t)͔͘ processes in Eq. ͑28͔͒, while c 2 (t) is that due to the leakage of the diffusive mode of the isotropic scattering arising from the concentration fluctuation. The relaxation time distributions of c 1 (t) and c 2 (t) have been obtained from the MSVD analysis ͑Figs. 6 and 10 of Ref. 10͒ . To obtain the true de-polarized photon-correlation function c 1 (t) 2 from f (t), the relation used should be c 1 (t) 2 ϭ͓( f (t)) 2 . In other words, what were shown there contained an additional cross term 2c 1 (t)c 2 (t). Because the relaxation of c 1 (t) is much faster than that of c 2 (t), the cross term is dominated by the characteristics of c 1 (t). As a result, the q-dependence of c 2 (t) was basically not visible in the wrong correlation functions shown in Figs Fig. 9 . The correction can be similarly applied to the other two figures. As these figures are basically for displaying the results of the MSVD analysis, which remain unchanged, the discussion and conclusion as presented in Ref. 10 are not effected by this mistake.
